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Abstract. Local diversity may be influenced by niche assembly processes involving competition for
limited resources, or by niche conservatism and the length of time clades have had to diversify. Mid-
elevation peaks in ant diversity on wet forest elevational gradients are most consistent with niche conser-
vatism effects. However, it is possible that subsets of the ant community vary in the degree to which niche
assembly processes are important, and this may be revealed by sampling methods that bias toward partic-
ular subsets. A previous study of ant-elevation patterns in Middle American wet forest relied on Winkler
sampling, a method that samples much of the ant community that occurs in leaf litter and rotten wood on
the forest floor. Here, we evaluate richness patterns at the same sites as the previous study, using two alter-
native methods: baiting and beating. Baiting attracts ants to a concentrated resource and might be expected
to attract a community more shaped by competitive interactions. Diversity patterns at baits were nearly
identical to patterns from Winkler samples, for all ants combined and for the genus Pheidole, which are
abundant omnivorous ants that are among the most common at baits. There was no evidence that stronger
competitive effects influenced the shape of the diversity curve. Beating samples capture ants that forage on
low vegetation, a distinct arboreal community with lower phylogenetic diversity than litter ants and inhab-
iting a more variable microclimate. Arboreal ants differed from litter ants in having a less distinct mid-ele-
vation peak, with less of a decline from 500 m to sea level. The lowland decline in litter ant diversity may
be caused by the recent upslope shift in temperature associated with the current interglacial period.
Arboreal ants may be buffered from this effect by adaptation to canopy life, tolerating broader extremes of
temperature, or by high rates of dispersal from warmer regions.
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INTRODUCTION
The drive to explain large-scale patterns of bio-
tic diversity has motivated centuries of research
that has yielded both more detailed descriptions
of patterns and improved understanding of the
causes (Rosenzweig 1995). The two environmen-
tal gradients that have received the most atten-
tion are latitude and elevation. Elevational
gradients are of interest because they are
replicated across space and have pronounced
environmental changes over short distances
(Rahbek 1995, Graham et al. 2014). Popular taxa
for studying macroecological patterns in the ter-
restrial realm include vertebrates, vascular
plants, and a few groups of insects. Among the
insects, ants are a prominent group because of
their ubiquity and high biomass (H€olldobler and
Wilson 1990, Wilson and H€olldobler 2005). Ants
on elevational gradients have been the subject of
 ❖ www.esajournals.org 1 August 2019 ❖ Volume 10(8) ❖ Article e02798
numerous studies (e.g., Olson 1994, Fisher 1996,
1998, 1999a, Sanders 2002, Sanders et al. 2007,
Malsch et al. 2008, Longino and Colwell 2011,
Machac et al. 2011, Longino et al. 2014, Smith
et al. 2014, Szewczyk and McCain 2016, 2019,
Liu et al. 2018, Longino and Branstetter 2019),
revealing a variety of patterns and suggested
causes.
Tropical mountains in areas of abundant and
weakly seasonal precipitation are particularly
interesting because they reduce seasonality and
moisture as factors, leaving temperature as the
dominant factor characterizing the gradient. In
wet forests of Middle America, ant occupancy
(presence or absence in small sampling units) is
nearly 100% from sea level to ~2000 m elevation,
above which ant-free patches begin to appear
(reflected in samples with no ants) (Longino and
Colwell 2011, Longino et al. 2014). By 3000 m,
ants are almost entirely absent. Ant abundance,
measured as average number of individuals per
m2, is also relatively stable from sea level to
~1500 m, above which it sharply declines (Long-
ino and Colwell 2011, Longino et al. 2014).
Diversity is quite different, showing a truncated
bell curve, rising to a peak around 500 m, and
then declining. This pattern occurs not only on
individual elevational gradients (Olson 1994,
Longino and Colwell 2011), but also appears to
be robust throughout Middle America, from
southern Mexico to Costa Rica (Longino and
Branstetter 2019).
A suite of hypotheses to explain local diversity
rely on species interactions and niche partition-
ing, and these often contain various forms of
temperature dependence (Pianka 1966, Currie
1991, Kaspari et al. 2000, 2004, Hawkins et al.
2003). High temperatures may permit higher
energy flux through organisms, which allows
more ways to divide the energy and still
maintain viable population densities (Allen et al.
2002, Brown et al. 2004). Available energy for
consumers, such as ants, is based on ecosys-
tem productivity. Barring moisture limitation
(McCain 2007), productivity is thought to
increase monotonically with temperature (Brown
et al. 2004). Net primary productivity (NPP), on
the other hand, is more difficult to predict or
measure (Clark et al. 2001) and in tropical wet
forests may actually be a step function with high
NPP in lowland forests and low NPP in montane
forests (Cleveland et al. 2011). However, these
hypotheses have not been successful at predict-
ing the mid-elevation diversity peaks seen in
many studies of ants on elevational gradients
(e.g., Longino and Branstetter 2019, Szewczyk
and McCain 2019).
Other hypotheses are based on evolutionary
history and niche conservatism and do not neces-
sarily require niche partitioning or competitive
interactions (Webb et al. 2002, Wiens and Dono-
ghue 2004). In these hypotheses, richness peaks
reflect the original niche of the common ancestor
of a clade and the niche within which the clade
has had the longest time to diversify. These
concepts are related to the midpoint attractor
model of Colwell et al. (2016), in which species
cluster near a favored region of a gradient. The
midpoint attractor model successfully predicted
mid-elevation diversity peaks in ants and other
taxa (Colwell et al. 2016). Longino and Branstet-
ter (2019) proposed niche conservatism to
explain the truncated bell curve of ant diversity
in Middle American elevational gradients. The
generally higher diversity in the lowlands com-
pared to cloud forest habitats reflected the early
origin of ants in lowland rainforests (Brady et al.
2006, Moreau and Bell 2013), but the peak
around 500 m and decline below that resulted
from relatively recent lowland biotic attrition fol-
lowing interglacial warming (Colwell et al.
2008). In an exemplary study of ant diversity on
elevational gradients in the Rocky Mountains of
Colorado, Szewczyk and McCain (2019) used a
hierarchical Bayesian occupancy model to assess
the effects of multiple hypothesized explanatory
variables on species richness. They found mid-
elevation diversity peaks on all transects. In spite
of the high environmental complexity of this
temperate region, with large habitat variation
and strong seasonality, the temperature envel-
opes of individual species emerged as the domi-
nant factor determining the number of species at
a site. They invoked niche conservatism as the
best explanation.
Previous elevation studies of Middle American
wet forest ants (Olson 1994, Longino and Colwell
2011, Longino et al. 2014, Longino and Branstet-
ter 2019) have mostly been based on a single
sampling method: microarthropod extraction
from 1-m2 patches of forest floor leaf litter and
rotten wood (the miniWinkler method, Fisher
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1999b). MiniWinkler sampling takes 1 m2 of the
forest floor litter and rotting wood, shakes it up,
and lets all the ants fall out. It is a snapshot of
ants in a small area at a point in time. There is
relatively little role for ant behavior, and it sam-
ples a wide variety of trophic guilds: generalized
omnivores, predators, and fungus growers. Two
other sampling methods, baiting and beating,
sample ants in interestingly contrasting ways.
With baiting, ants are attracted to a concentrated
resource. There are discovery and recruitment to
a point source where competition is paramount
(Adler et al. 2007). There are direct aggressive
interactions and displacements. With beating,
low vegetation is sampled by sweeping with a
net or beating low vegetation over a sheet. Like
Winkler sampling, it does not create a competi-
tive arena but simply samples ants occurring in a
volume of vegetation. The difference is that beat-
ing is sampling a phylogenetically distinctive
community. Ground ants and arboreal ants are
highly segregated, with the latter being domi-
nated by a few highly derived arboreal lineages
(Wilson and H€olldobler 2005, Nelsen et al. 2018).
Considering ant diversity patterns, baiting and
beating results might diverge from Winkler
results in several ways. For baiting samples, if
direct competition for food is more important for
ants attracted to baits compared to other litter-
dwelling ants, the predictions of niche partition-
ing might hold. Ant diversity at baits will be
related to productivity or temperature, both of
which decline monotonically with elevation.
Thus, ant diversity will also decline monotoni-
cally, with no mid-elevation peak. An alternative
mechanism that still rests on competition and
niche partitioning could potentially produce the
opposite result, with a mid-elevation peak but
even steeper lowland decline. Higher tempera-
tures at low elevations might increase dominance
at baits by a few competitively dominant species.
In other words, temperature effects on behav-
ioral competition at baits might be nonlinear,
such that the negative effects of competition
override the positive effects of productivity only
at the lowest elevations. But if niche conser-
vatism is the primary factor, regardless of sam-
pling method or level of competition, we expect
the elevational diversity pattern at baits to clo-
sely match the pattern for the litter community
as a whole.
For beating samples, which do not rely on
attraction to a resource, there is no expectation of
a shift toward patterns reflecting greater niche
partitioning. But within the niche conservatism
paradigm, there may still be differences from the
elevational pattern seen in litter ants. Arboreal
habitats exhibit greater temperature extremes
compared to the litter and rotten wood of the for-
est floor, and arboreal ants are more heat tolerant
than ground ants (Kaspari et al. 2015). This could
broaden the temperature envelopes of arboreal
species, lessening the effect of recent interglacial
temperature change and reducing lowland biotic
attrition.
The large inventory projects in Middle Amer-
ica that generated the miniWinkler data reported
in Longino and Branstetter (2019) and earlier
studies also included replicated baiting and beat-
ing samples. Here, we examine patterns of ant
occupancy and diversity as a function of eleva-
tion for these samples, comparing the results
with the miniWinkler studies. The results con-
tinue to support niche conservatism as the pri-
mary mechanism generating elevational patterns
in montane ants.
METHODS
Sites and sampling methods
Data from 54 sites are reported here, 51 of
which are the same sites reported in Longino
and Branstetter (2019). Sampling occurred over
15 yr, with sites distributed from central Costa
Rica to Veracruz, Mexico, a span of 11° latitude
(9–20° N), and ranging from 20 to 2600 m eleva-
tion (Appendix S1: Table S1). The results
reported here are from multiple projects, from
2001 to 2016. Sites include 5 from the Barva Tran-
sect in Costa Rica (Project ALAS, Longino and
Colwell 2011); 33 from Chiapas, Mexico, to
Nicaragua (Project LLAMA, Longino et al. 2014);
and 8 from sites in Costa Rica and 8 in the states
of Oaxaca and Veracruz, Mexico (Project
ADMAC, Longino and Branstetter 2019). Sites
were subjectively chosen to be closed-canopy
evergreen forest in areas with abundant rainfall.
Sites varied in land-use history, ranging from
decades-old regenerating forest to mature old-
growth forest, and from sites deep within large
reserves to small islands of forest in agricultural
landscapes. In Costa Rica, lowland wet forest
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habitats are continuous with cloud forest habi-
tats. From Nicaragua northward, wet forests in
the Caribbean lowlands are often separated from
island-like mesophyll cloud forests by a matrix
of pine forest or more xeric habitats.
Baiting was carried out at 51 of the 54 sites: all
LLAMA and ADMAC sites, but not at the ALAS
sites. Baits were white cards, 7 9 7 cm, placed
on the ground, with a small amount of crumbled
cookie (Pecan Sandies) placed on one corner of
the card and partially on the adjacent ground.
Transects of 20 baits were placed along trails at
intervals of three paces. Transects were placed
mostly along trails under forest canopy, but occa-
sionally at forest margins, in treefall gaps, or
clearings. Baits were periodically checked over a
two-hour period, taking care not to disturb initial
recruitment. Once several ants had arrived, an
attempt was made to collect one or a few work-
ers using an aspirator. At the end of the two-hour
period, a final collection was made, attempting
to collect most or all of the ants at the bait, using
an aspirator. A variable number of transects was
sampled at each site, depending on available
time, personnel, and weather.
Sampling of arboreal ants was carried out at 52
sites, using two methods: sweeping and beating.
For the five ALAS sites in Costa Rica, sweep nets
were used to sample low vegetation, mainly in
clearings, treefall gaps, and trail edges, during
clear weather. Net contents were periodically
transferred to a large plastic bag. Each sample
was one hour of sweeping activity by one person.
After the hour of sweeping, the sample was
returned to the laboratory and fumigated with
ethyl acetate for one hour. Ants were then picked
from the sample and stored in 95% ethanol. For
LLAMA and ADMAC projects, beating sheets
were used. Low vegetation inside forest, along
forest margins, and in treefall gaps was beat over
a 1-m2 sheet, and falling ants were collected into
a vial with aspirator and forceps. Each sample
was two hours of sampling activity by one per-
son. Average richness of sweep samples was
slightly lower than beating samples, but the ele-
vational pattern was similar for both methods,
and omitting the five sites with sweep samples
did not alter the conclusions. Sweep samples and
beating samples are treated equally in analyses
and are all referred to as beating samples in the
rest of the paper.
Ant workers were removed from each sample
and identified, with identifications being to spe-
cies for most groups, but to genus for certain
groups that are difficult to sort to species. Details
of taxa and taxon selection are in Appendix S1.
All collection codes, occurrence data, and a taxon
list are in Data S1.
Analysis
For each baiting transect, occupancy was the
proportion of baits at which ants occurred (out of
20 total), dominance was the proportion of baits
occupied by the most frequent species, and rich-
ness was the total number of species observed in
the transect. For each site, transect-level variables
were mean dominance, mean occupancy, and
mean richness (with n = number of transects).
For each beating sample, incidence data (pres-
ence–absence) were recorded. For each site, beat-
ing sample-level variables were occupancy (the
proportion of beating samples that contained
ants) and mean richness. For both baiting and
beating samples, site-level richness was exam-
ined using interpolation or extrapolation of rich-
ness to a common coverage of 0.80, using
incidence frequencies (i.e., the number of tran-
sects or beating samples in which a species
occurred; Colwell et al. 2012, Chao and Jost 2012,
Chao et al. 2014). Calculations were carried out
with iNEXT (Hsieh et al. 2016) in R version 3.4.3.
For baiting samples, two datasets were analyzed,
the entire ant dataset and a data partition con-
taining only the genus Pheidole. Pheidole are
among the most common ants at baits and show
high levels of recruitment and competitive inter-
actions. For beating samples, two datasets were
analyzed, the entire dataset and a data partition
containing only arboreal species (Data S1), which
excluded ground-nesting species whose workers
forage in the arboreal stratum.
To examine the relationship between depen-
dent variables and elevation, which is used here
as a proxy for temperature, each was modeled as
linear, quadratic, and cubic functions of eleva-
tion. Model performance was evaluated by com-
paring Akaike information criterion (AICc)
values, using R version 3.4.3, and the package
AICcmodavg (R Core Team 2017). The occur-
rence of a mid-elevation peak was supported if a
cubic model was favored over linear or quadratic
models.
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RESULTS
Occupancy patterns were similar for baiting
and beating samples (Fig. 1). Quadratic and
cubic models of occupancy as a function of eleva-
tion were similarly supported, and both were
significantly better than linear models (Table 1).
Dominance at baits showed the same pattern as
occupancy, and the two variables were correlated
(correlation coefficient 0.87). Dominance results
are not reported further. Baiting and beating
showed high occupancy (at or near 100%) from
sea level to ~1000 m, followed by an abrupt
drop. Occupancy of miniWinkler samples is simi-
lar, but remains high at higher elevations, begin-
ning to drop ~2000 m (Longino et al. 2014).
Sample richness patterns were also similar for
the two methods. Cubic models of richness as a
function of elevation are better supported than
either quadratic or linear models, for both baiting
and beating samples (Table 1). Both baiting and
beating samples show bell-shaped richness
Fig. 1. Ant occupancy and richness as a function of elevation in Middle American wet forests. Baiting results
are upper panels; beating results are lower panels. Occupancy is the proportion of baits (within a transect) or
beating samples (within a site) that contained ants. Sample richness is mean number of species per transect
(baiting) or sample (beating). Site richness is interpolated or extrapolated richness at sample coverage 0.80.
Smoothed curves are LOESS fits (R, ggplot2).
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curves peaking at 430 m and 410 m elevation,
respectively (Fig. 1). Site richness patterns for
baiting and beating parallel sample richness pat-
terns, with statistically supported peaks at 450 m
and 530 m, respectively. These results are very
similar to the results for litter sampling (peak
richness at 418 m elevation; Longino and
Branstetter 2019).
Baiting results for Pheidole alone were very
similar to the results for all ants, but with lower
r2 values (Table 1, Fig. 1). Occupancy starts to
drop ~1000 m, and both sample and site richness
have significant mid-elevation peaks at 540 m
and 510 m, respectively, somewhat higher than
for all ants and for miniWinkler samples.
Beating results for arboreal ants diverge from
results for all ants (Table 1, Fig. 1). Occupancy is
similar, starting to drop ~1000 m. Sample rich-
ness has a significant mid-elevation peak but it is
shifted down-slope relative to all ants, 230 m vs.
Table 1. Regression models of occupancy, sample richness, and site richness as a function of elevation for baiting
and beating samples.
Data set Variable Model ΔAICc r
2 Maximum
Baits, all ants Occupancy Cubic 2.47 0.83
Quadratic 0.00 0.83
Linear 37.14 0.63
Sample richness Cubic 0.00 0.80 20.3 at 430 m
Quadratic 11.07 0.75
Linear 12.95 0.73
Site richness Cubic 0.00 0.75 52.2 at 450 m
Quadratic 15.20 0.65
Linear 14.14 0.65
Baits, Pheidole Occupancy Cubic 0.57 0.64
Quadratic 0.00 0.63
Linear 16.85 0.47
Sample richness Cubic 0.00 0.69 9.6 at 540 m
Quadratic 10.17 0.61
Linear 15.70 0.55
Site richness Cubic 0.00 0.66 20.90 at 510 m
Quadratic 9.54 0.58
Linear 11.11 0.56
Beating, all ants Occupancy Cubic 2.23 0.68
Quadratic 0.00 0.69
Linear 23.91 0.49
Sample richness Cubic 0.00 0.77 14.5 at 410 m
Quadratic 13.44 0.69
Linear 12.04 0.69
Site richness Cubic 0.00 0.54 55.2 at 530 m
Quadratic 6.75 0.46
Linear 6.59 0.44
Beating, arboreal Occupancy Cubic 0.82 0.64
Quadratic 0.00 0.64
Linear 7.58 0.57
Sample richness Cubic 0.00 0.74 9.5 at 230 m
Quadratic 7.22 0.69
Linear 6.05 0.69
Site richness Cubic 0.00 0.49 32.97 at 480 m
Quadratic 4.81 0.42
Linear 2.82 0.43
Notes: Baiting samples are analyzed for all ants and for the genus Pheidole. Beating samples are analyzed for all ants and for
arboreal lineages (seeMethods). Linear, quadratic, and cubic models are compared. Models are evaluated by ΔAICc values, com-
paring the best model (lowest AICc) to the other models. Low values indicate higher support, and models with ΔAICc < 4 are
equally well supported. Support for a cubic model is evidence of a mid-elevation peak. Maximum is the predicted maximum
value of the variable for the cubic model and the elevation at which it occurs. n = 49 sites for baiting; 52 sites for beating.
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410 m. For site richness, all models are equally
well supported and there is little support for a
mid-elevation peak. The calculated diversity
peak for the fitted cubic curve is at 480 m eleva-
tion, but the curve is shallow and dropping less
toward sea level compared to the curve for ants
as a whole.
DISCUSSION
Closed-canopy wet forests of Middle America
are home to a diverse set of ant species, each of
which has a particular nesting and foraging
behavior. Sampling methods vary in how effi-
ciently they capture the available species, with
particular methods favoring particular microhab-
itats and behaviors (Longino and Colwell 1997).
Winkler sampling efficiently captures the fauna
of litter and rotten wood, irrespective of foraging
behavior. Winkler sampling of the litter commu-
nity has shown, first of all, that occupancy, the
presence of ants in sampling units, is uniformly
high from sea level to ~2000 m, above which it
drops steeply as ant-free patches begin to appear.
The relationship between diversity and elevation
is a truncated bell curve, rising from sea level to
about 500 m elevation and then dropping steeply
to near absence at 2500 m (Longino and Branstet-
ter 2019). Two other sampling methods, baiting
and beating, sample in very different ways, tar-
geting different subsets of the ant community.
We asked whether these methods show the same
patterns or differ in ways predicted by alterna-
tive hypotheses.
Baiting attracts omnivorous ground ants to a
concentrated resource, creating small arenas of
intense competitive interactions. In contrast,
Winkler samples contain species with a broader
array of feeding behaviors, including generalist
and specialist predators, fungus growers, and
cryptic ants whose feeding behaviors are
unknown. We would expect communities sam-
pled by baiting to show more effects of competi-
tion than communities sampled by Winkler
sampling. If there is competition-driven niche
partitioning of available energy or productivity
(Allen et al. 2002, Brown et al. 2004), we expect
diversity to decline with elevation, with no
mid-elevation peak (Kaspari et al. 2000, 2004,
Hawkins et al. 2003). An alternative hypothesis
is that higher temperatures increase behavioral
dominance and intensify competitive interactions
in a nonlinear way, disproportionately counter-
ing effects of increased energy availability or pro-
ductivity at low elevation, such that the
combination causes a mid-elevation diversity
peak. We found that the diversity curve for bait-
ing samples was nearly identical to the curve for
Winkler sampling, and there was no pattern of
increased dominance at low elevations. The occu-
pancy and dominance patterns were similar,
with high and uniform bait occupancy to
~1000 m, above which it steeply declined. The
results for the genus Pheidole alone were the
same. Pheidole is the most diverse ant genus in
the Neotropics. Nearly all species are generalist
omnivores with strong recruitment systems, and
they are among the most abundant ants at baits.
For Pheidole, effects of competition should be
paramount, yet their diversity curve was similar
to the curve for Winkler samples.
Beating samples are composed of ants that for-
age in the low arboreal zone. The sampled com-
munity is a mix of ground-nesting ants that also
forage in low vegetation, and purely arboreal
species that are rarely found on the ground.
Thus, communities sampled by beating and Win-
kler sampling are partially overlapping. We
found that when all ants in beating samples were
examined, the diversity curve was similar to the
Winkler curve. However, when arboreal ants
were analyzed separately, the mid-elevation
diversity peak was less pronounced. Arboreal
ant diversity remained relatively high through-
out the lowlands. On the one hand, this follows
the prediction of a productivity-based niche par-
titioning, with productivity being uniformly high
across a range of lowland elevations (Cleveland
et al. 2011), and competition structuring the
assembly of arboreal ant communities. However,
niche conservatism is an alternative, and more
likely, explanation.
Niche conservatism posits that climate niche
evolves slowly and that clades have highest
diversity in the ancestral climate niche (Webb
et al. 2002, Wiens and Donoghue 2004, Wiens
et al. 2007). With niche conservatism, local spe-
cies diversity may be determined by the available
pool of species for a given climate regime, rather
than by competitive interactions. Niche conser-
vatism has been invoked to explain mid-eleva-
tion peaks in ant diversity (Longino and
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Branstetter 2019, Szewczyk and McCain 2019).
The lowland decline, in particular, has been
explained as a result of the current interglacial
period. During much of the Pleistocene, over
million-year time scales, temperature profiles
and vegetation zones on elevational gradients in
Middle America were ~500 m lower than they
are today (Bush et al. 2009, Grauel et al. 2016).
Current climates below 500 m are thus anoma-
lously warm for many Middle American ant spe-
cies, and highest ant diversity clusters around
500 m. Arboreal species, however, may be more
tolerant of temperature extremes, as a result of
their life in the canopy, exposed to full tropical
sun (Kaspari et al. 2015). Much like temperate
zone species that must tolerate a much broader
range of temperature fluctuations and thus have
broader climate envelopes (Janzen 1967), tropical
arboreal species may be less affected by the
anomalous warming at the low end of their ele-
vational ranges. Another possibility is that arbo-
real species have greater dispersal rates, on
average, than leaf litter inhabitants, and thus
better abilities to recolonize newly warm (post-
glacial) habitats. This assumes a warm equatorial
refuge somewhere.
In general, the strong congruence of eleva-
tional patterns, independent of sampling method
or ant subcommunity, favors explanations based
on long-term, macroevolutionary processes that
influence regional species pools. Further light
could be shed on these processes by examining
the ages and phylogenetic relationships of ant
species on elevational gradients, and how
rapidly the climate niche evolves.
ACKNOWLEDGMENTS
We thank the dozens of staff and collaborators in
the ALAS, TEAM, LLAMA, and ADMAC projects. We
thank the many agency staff, reserve managers, and
community supporters at our field sites. Two anony-
mous reviewers significantly improved the manu-
script. This work was supported by multiple grants
from the U.S. National Science Foundation, the
National Geographic Society, and Conservation Inter-
national, over a 25-yr period. Most recent support is
NSF DEB-1354739 (Project ADMAC) and National
Geographic Society Committee for Research and
Exploration Grant 9568-14. USDA is an equal opportu-
nity provider and employer.
LITERATURE CITED
Adler, F., E. LeBrun, and D. Feener Jr. 2007. Maintain-
ing diversity in an ant community: modeling,
extending, and testing the dominance-discovery
trade-off. American Naturalist 169:323–333.
Allen, A. P., J. H. Brown, and J. F. Gillooly. 2002. Global
biodiversity, biochemical kinetics, and the ener-
getic-equivalence rule. Science 297:1545–1548.
Brady, S. G., T. R. Schultz, B. L. Fisher, and P. S. Ward.
2006. Evaluating alternative hypotheses for the
early evolution and diversification of ants. Pro-
ceedings of the National Academy of Sciences
103:18172–18177.
Brown, J. H., J. F. Gillooly, A. P. Allen, V. M. Savage,
and G. B. West. 2004. Toward a metabolic theory of
ecology. Ecology 85:1771–1789.
Bush, M. B., et al. 2009. Re-evaluation of climate
change in lowland Central America during the last
glacial maximum using new sediment cores from
Lake Peten Itza, Guatemala. Pages 113–128 in F.
Vimeux, F. Sylvestre, and M. Khodri, editors. Past
climate variability in South America and surround-
ing regions. Developments in Paleoenvironmental
Research 14. Springer Science+Business Media,
Dordrecht, The Netherlands.
Chao, A., N. J. Gotelli, T. Hsieh, E. L. Sander, K. Ma, R.
K. Colwell, and A. M. Ellison. 2014. Rarefaction
and extrapolation with Hill numbers: a framework
for sampling and estimation in species diversity
studies. Ecological Monographs 84:45–67.
Chao, A., and L. Jost. 2012. Coverage-based rarefaction
and extrapolation: standardizing samples by
completeness rather than size. Ecology 93:
2533–2547.
Clark, D. A., S. Brown, D. W. Kicklighter, J. Q. Cham-
bers, J. R. Thomlinson, J. Ni, and E. A. Holland.
2001. Net primary production in tropical forests:
an evaluation and synthesis of existing field data.
Ecological Applications 11:371–384.
Cleveland, C. C., A. R. Townsend, P. Taylor, S.
Alvarez-Clare, M. M. Bustamante, G. Chuyong, S.
Z. Dobrowski, P. Grierson, K. E. Harms, and B. Z.
Houlton. 2011. Relationships among net primary
productivity, nutrients and climate in tropical rain
forest: a pan-tropical analysis. Ecology Letters
14:939–947.
Colwell, R. K., G. Brehm, C. L. Cardelus, A. C. Gilman,
and J. T. Longino. 2008. Global warming, eleva-
tional range shifts, and lowland biotic attrition in
the wet tropics. Science 322:258–261.
Colwell, R. K., A. Chao, N. J. Gotelli, S.-Y. Lin, C. X.
Mao, R. L. Chazdon, and J. T. Longino. 2012. Mod-
els and estimators linking individual-based and
sample-based rarefaction, extrapolation and
 ❖ www.esajournals.org 8 August 2019 ❖ Volume 10(8) ❖ Article e02798
LONGINO ET AL.
comparison of assemblages. Journal of Plant Ecol-
ogy 5:3–21.
Colwell, R. K., et al. 2016. Midpoint attractors and spe-
cies richness: modelling the interaction between
environmental drivers and geometric constraints.
Ecology Letters 19:1009–1022.
Currie, D. J. 1991. Energy and large-scale patterns of
animal- and plant-species richness. American Nat-
uralist 137:27–49.
Fisher, B. L. 1996. Ant diversity patterns along an ele-
vational gradient in the Reserve Naturelle Integrale
d’Andringitra, Madagascar. Fieldiana Zoology
85:93–108.
Fisher, B. L. 1998. Ant diversity patterns along an ele-
vational gradient in the Reserve Speciale d’Anjana-
haribe-Sud and on the western Masoala Peninsula,
Madagascar. Fieldiana Zoology 90:39–67.
Fisher, B. L. 1999a. Ant diversity patterns along an ele-
vational gradient in the Reserve Naturelle Integrale
d’Andohahela, Madagascar. Fieldiana Zoology
94:129–147.
Fisher, B. L. 1999b. Improving inventory efficiency: a
case study of leaf-litter ant diversity in Madagas-
car. Ecological Applications 9:714–731.
Graham, C. H., A. C. Carnaval, C. D. Cadena, K. R.
Zamudio, T. E. Roberts, J. L. Parra, C. M. McCain,
R. C. Bowie, C. Moritz, and S. B. Baines. 2014. The
origin and maintenance of montane diversity: inte-
grating evolutionary and ecological processes.
Ecography 37:711–719.
Grauel, A.-L., D. A. Hodell, and S. M. Bernasconi.
2016. Quantitative estimates of tropical tempera-
ture change in lowland Central America during the
last 42 ka. Earth and Planetary Science Letters
438:37–46.
Hawkins, B. A., R. Field, H. V. Cornell, D. J. Currie, J.-
F. Guegan, D. M. Kaufman, J. T. Kerr, G. G. Mittel-
bach, T. Oberdorff, and E. M. O’Brien. 2003.
Energy, water, and broad-scale geographic patterns
of species richness. Ecology 84:3105–3117.
H€olldobler, B., and E. O. Wilson. 1990. The ants. Har-
vard University Press, Cambridge, Massachusetts,
USA.
Hsieh, T., K. Ma, and A. Chao. 2016. iNEXT: an R
package for rarefaction and extrapolation of spe-
cies diversity (Hill numbers). Methods in Ecology
and Evolution 7:1451–1456.
Janzen, D. H. 1967. Why mountain passes are higher
in the tropics. American Naturalist 101:233–249.
Kaspari, M., N. A. Clay, J. Lucas, S. P. Yanoviak, and
A. Kay. 2015. Thermal adaptation generates a
diversity of thermal limits in a rainforest ant com-
munity. Global Change Biology 21:1092–1102.
Kaspari, M., S. O’Donnell, and J. Kercher. 2000. Energy,
density, and constraints to species richness: ant
assemblages along a productivity gradient. Ameri-
can Naturalist 155:280–293.
Kaspari, M., P. S. Ward, and M. Yuan. 2004. Energy
gradients and the geographic distribution of local
ant diversity. Oecologia (Berlin) 140:407–413.
Liu, C., K. L. Dudley, Z.-H. Xu, and E. P. Economo.
2018. Mountain metacommunities: Climate and
spatial connectivity shape ant diversity in a com-
plex landscape. Ecography 41:101–112.
Longino, J. T., and M. G. Branstetter. 2019. The trun-
cated bell: an enigmatic but pervasive elevational
diversity pattern in Middle American ants. Ecogra-
phy 42:272–283.
Longino, J. T., M. G. Branstetter, and R. K. Colwell.
2014. How ants drop out: ant abundance on tropi-
cal mountains. PLOS ONE 9:e104030.
Longino, J. T., and R. K. Colwell. 1997. Biodiversity
assessment using structured inventory: capturing
the ant fauna of a lowland tropical rainforest. Eco-
logical Applications 7:1263–1277.
Longino, J. T., and R. K. Colwell. 2011. Density com-
pensation, species composition, and richness of
ants on a neotropical elevational gradient. Eco-
sphere 2:art29.
Machac, A., M. Janda, R. R. Dunn, and N. J. Sanders.
2011. Elevational gradients in phylogenetic structure
of ant communities reveal the interplay of biotic and
abiotic constraints on diversity. Ecography 34:364–371.
Malsch, A. K., B. Fiala, U. Maschwitz, M. Mohamed, J.
Nais, and K. E. Linsenmair. 2008. An analysis of
declining ant species richness with increasing ele-
vation at Mount Kinabalu, Sabah, Borneo. Asian
Myrmecology 2:33–49.
McCain, C. M. 2007. Could temperature and water
availability drive elevational species richness pat-
terns? A global case study for bats. Global Ecology
and Biogeography 16:1–13.
Moreau, C. S., and C. D. Bell. 2013. Testing the
museum versus cradle tropical biological diversity
hypothesis: phylogeny, diversification, and ances-
tral biogeographic range evolution of the ants. Evo-
lution 67:2240–2257.
Nelsen, M. P., R. H. Ree, and C. S. Moreau. 2018. Ant–
plant interactions evolved through increasing inter-
dependence. Proceedings of the National Academy
of Sciences 115:12253–12258.
Olson, D. M. 1994. The distribution of leaf litter inver-
tebrates along a Neotropical altitudinal gradient.
Journal of Tropical Ecology 10:129–150.
Pianka, E. R. 1966. Latitudinal gradients in species
diversity: a review of concepts. American Natural-
ist 100:33–46.
R Core Development Team. 2017. R: a language and
environment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria.
 ❖ www.esajournals.org 9 August 2019 ❖ Volume 10(8) ❖ Article e02798
LONGINO ET AL.
Rahbek, C. 1995. The elevation gradient of species rich-
ness: A uniform pattern? Ecography 18:200–205.
Rosenzweig, M. 1995. Species diversity in space and
time. Cambridge University Press, Cambridge,
UK.
Sanders, N. J. 2002. Elevational gradients in ant species
richness: area, geometry, and Rapoport’s rule.
Ecography 25:25–32.
Sanders, N. J., J.-P. Lessard, M. C. Fitzpatrick, and R.
R. Dunn. 2007. Temperature, but not productivity
or geometry, predicts elevational diversity gradi-
ents in ants across spatial grains. Global Ecology
and Biogeography 16:640–649.
Smith, M. A., W. Hallwachs, and D. H. Janzen. 2014.
Diversity and phylogenetic community structure
of ants along a Costa Rican elevational gradient.
Ecography 37:1–12.
Szewczyk, T. M., and C. M. McCain. 2016. A system-
atic review of global drivers of ant elevational
diversity. PLOS ONE 11:e0155404.
Szewczyk, T. M., and C. M. McCain. 2019. Disentan-
gling elevational richness: a multi-scale hierarchical
Bayesian occupancy model of Colorado ant com-
munities. Ecography 42:977–988.
Webb, C. O., D. D. Ackerly, M. A. McPeek, and M. J.
Donoghue. 2002. Phylogenies and community ecol-
ogy. Annual Review of Ecology and Systematics
33:475–505.
Wiens, J. J., and M. J. Donoghue. 2004. Historical bio-
geography, ecology and species richness. Trends in
Ecology & Evolution 19:639–644.
Wiens, J. J., G. Parra-Olea, M. Garcıa-Parıs, and D. B.
Wake. 2007. Phylogenetic history underlies eleva-
tional biodiversity patterns in tropical salaman-
ders. Proceedings of the Royal Society B: Biological
Sciences 274:919–928.
Wilson, E. O., and B. H€olldobler. 2005. The rise of the
ants: a phylogenetic and ecological explanation.
Proceedings of the National Academy of Sciences
of the United States of America 102:7411–7414.
SUPPORTING INFORMATION
Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.
2798/full
 ❖ www.esajournals.org 10 August 2019 ❖ Volume 10(8) ❖ Article e02798
LONGINO ET AL.
